The reaction of the hydroxyl radical, generated by a Fenton system, with pyrimidine deoxyribonucleotides was investigated by using the e.s.r. technique of spin trapping. The spin trap t-nitrosobutane was employed to trap secondary radicals formed by the reaction of the hydroxyl radical with these nucleotides. The results presented here show that hydroxyl-radical attack on thymidine, 2-deoxycytidine 5-monophosphate and 2-deoxyuridine 5-monophosphate produced nucleotide-derived free radicals. The results indicate that 0OH radical attack occurs predominantly at the carbon-carbon double bond of the pyrimidine base. The e.s.r. studies showed a good correlation with previous results obtained by authors who used x-or y-ray irradiation to generate the hydroxyl radical. A thiobarbituric acid assay was also used to monitor the damage produced to the nucleotides by the Fenton system. These results showed qualitative agreement with the spin-trapping studies.
INTRODUCTION
In cells exposed to ionizing radiation it is the DNA that appears to be the main target for the observed lethal and mutagenic effects [1] . It has been proposed that the hydroxyl radical ('OH) plays a major role in the indirect action of radiation on cells.
*OH is produced when water is exposed to highenergy ionizing radiation. Its properties have been well documented by radiation chemists (for a review, see [2] ). *OH is highly reactive and, as such, will react with any molecule close to its site of formation. The nature of the damage produced by 'OH in vivo would, therefore, depend upon its site of formiation. For example, if 'OH production occurs close to DNA, it could cause strand breakage or base modification [3] .
Most of the 'OH generated in vivo would come from the metal ion-dependent breakdown 
This is, in fact, an oversimplification; for a review of the reactions involved, see [4] . Several authors have recently suggested that two separate oxidizing species are produced by the action of H202 on iron chelates [5] [6] [7] [8] . Koppenol has proposed that iron(II) and H202 produce a ferryl iron or ferrous H202 complex [6] . Rush & Koppenol [7] proposed that the reaction between H202 and ferrous EDTA produces a reactive intermediate which is not *OH, but suggested that it is a ferryl-EDTA complex. This intermediate can undergo further reaction with H202 to produce an oxidizing species that is claimed to be 'OH.
Winterbourn [8] claimed that when ferrous iron is chelated with EDTA, the predominant species formed is OH, whereas with non-chelated iron a quadrivalent iron complex is formed which is capable of oxidizing ribose. She proposed that iron(II)-EDTA and H202 produce an iron species and 'OH. She further proposed that, with non-chelated iron and H202, -OH production is thermodynamically unfavourable and that the strong oxidant is Fe(IV).
Youngman & Elstner [9] have proposed that a 'crypto' *OH could be formed in some systems in vitro. Their initial studies used paraquat radicals and H202 to produce a highly reactive species that was not 'OH. Youngman [10] nucleotides have very short lifetimes. These radicals have been studied by direct e.s.r. spectroscopy using y-ray radiolysis in the e.s.r. cavity [11] , flow techniques using a Ti3+-H202 *OH-generating system [12, 13] and photolysis of H202 [14] .
More recently the technique of spin trapping has been utilized to try to identify the radicals by *OH attack on DNA or its constituents. In this technique the short-lived radicals (R-) are generated in a system containing a spin trap. Nitroso and nitrone compounds are commonly used as spin traps, and the resulant spin adduct is a relatively stable nitroxide radical which can be conveniently identified by e.s.r. spectroscopy [15] . In the present study t-nitrosobutane (tNB) was used as a spin trap. The general reaction of a radical (R ).with tNB can be written:
The main drawback with the spin-trapping technique is the fact that the relative concentrations of spin-trapped radicals do not reflect the relative concentrations of the initial radicals [16] .
Recent work by Kuwabara et al. [17] and previous work by Riesz and co-workers [16] has demonstrated that y-irradiation of DNA and nucleotide solutions produced radical species which could be trapped by tNB.
The 2-thiobarbituric acid (TBA) assay has been widely used to detect oxidative damage in lipids for the last 40 years. More recently it has been applied to more complex biological materials to detect oxidative changes that may take place via non-enzymic free-radical reactions [18] . The TBA assay is now extensively used to detect free-radical-induced damage in systems in vitro, with deoxyribose as the detector molecule of choice. 'OH attack on 2-deoxyribose produces a product that, on heating at an acidic pH with TBA, forms a chromogen that absorbs strongly at 532 nm.
In this study we used the TBA assay in conjunction with the e.s.r. technique of spin trapping to study the free-radical damage t,o deoxyribonucleotides in a Fenton system. Spin trappifig permits the identification of at least some of the radicals formed when deoxyribonucleotides are exposed to an iron-dependent 'OH-generating system, whereas the TBA assay is an index of the reaction of OH with the 2-deoxyribose component of the nucleotides. 10 ,1 of H202 and 0.075 M-phosphate buffer to 2 ml. Sodium formate, when used, was at a stock concentration of 666 mM; 300 ,u of this solution was added. Reaction mixtures were prepared in new glass screwtop vials. The reaction mixtures were allowed to react for 4 min at room temperature before adding 1 ml of the TBA solution and 0.5 ml of the HCI stock solution. Reaction vials were then placed in a heating block and heated at 100°C for 15 min. The samples were then allowed to cool before reading their absorbances at 532 nm against a water blank.
MATERIALS AND METHODS

RESULTS AND DISCUSSION
When a radical is spin-trapped, the site of the unpaired electron shifts from the parent radical to the nitroxide group of the radical adduct. This results in some loss of structural information about the parent radical, as most of the free electron spin density is localized on the nitrogen and oxygen of the nitroxide group. The free electron interacts with the nitrogen of the nitroxide and generates a primary triplet splitting. In the present study the nitrogen hyperfine coupling is between 1.4 mT and 1.6 mT as is typical of carbon-centred radicals [20] . Identification of the trapped radical depends on the hyperfine structure within each triplet, which is due to the interaction of the electron localized on the nitroxide with the nuclei of the trapped parent radical. Fig. l(a) shows the e.s.r. spectrum obtained when thymidine was exposed to a Fenton system in the presence of the spin trap tNB. The spectrum shown in Fig. 1 is the result of two different radical species, two thymidineradical adducts. Attack of the OH radical on thymidine produced two separate radical species that can be detected by spin trapping with tNB. Fig. 1(b) shows the computer simulation of the spectrum due to the two species. Figs. l(c)-l(d) show the computer simulations of the two species. Fig. l(c) shows a spectrum which is a triplet of The assignment of this radical structure for the spectrum in Fig. l(c) is not entirely straightforward, as various assignments have been made by different authors. Joshi et al. [16] assigned this spectrum to a radical centred at N-3 of the base. Kominami et al. [24] assigned it to the N-I-or N-3-centred radical, whereas Kuwabara et al. [25] assigned it to N-3 or C-6. The C-6 assignment (structure I) was less tenable, as no hyperfine structure for the f-proton at C-6 was evident in the spectrum.
However, recent work by Kuwabara et al. [26] would seem to indicate that the C-6 assignment is correct, and previous analytical studies by Teoule & Cadet [23] had demonstrated that the end products produced by irradiation of thymidine were formed via a C-6-centred radical.
The spectrum shown in Fig. 1(d) is a triplet of 1.62 mT without any resolved ,-hyperfine splittings from hydrogen or nitrogen. The proposed structure is shown in structure (II). Any other structure should give rise to hyperfine splitting from an adjacent atom [22] . This species would be formed by 'OH attack on the C-6 of the carbon-carbon double bond, forming a carbon-centred free radical at C-S. Confirmation of these assignments can be taken from the fact that Teoule & Cadet (23) have shown that the preferred site for 'OH attack on the pyrimidines is at the C-5=C-6 double bond. 'OH attack at either C-S or C-6 can lead to the formation in vivo of thymine glycol [27] . Fig. 2(b) shows that the signal is entirely dependent upon the presence of the nucleotide. A signal of reduced intensity can be obtained in the absence of the iron chelator EDTA (Fig. 2c) . EDTA is added to 'in vitro' Fenton systems for several reasons. EDTA binds iron very tightly, pulling iron away from low-molecular-mass biological complexes [28] , but the iron-EDTA chelates are still very effective catalysts of free 'OH production [29] .
Iron can bind to a wide range of ligands, including nucleotides [30] , DNA and membrane lipids [31] . All these ligands are capable of supporting 0OH production. It evidence to support the same idea with iron ions. The idea that an iron-EDTA system would serve as a radiomimetic system has been postulated by Gutteridge [34] . In the system used here, the iron-EDTA should serve as a radiomimetic system, producing free 'OH. This explains why our results are so consistent with the radiation results. In the absence of EDTA one might expect the 'OH generation to be site-specific; that is, the radical would be formed at the site of the iron-binding ligand. This, in turn, would suggest that it would be difficult to detect this radical with the spin-trapping technique and that the radical species produced could be different from that produced by the 'free' OH generating systems. However, this does not appear to be the case. Indeed, the only difference between the signals in Figs. 2(a) and 2(c) is the signal intensity. This implies that either the radical produced by the site-specific generation of *OH is the same as that produced by free 'OH, or that free 'OH is still being produced in this system. It has been proposed that nitrosoalkanes can act as ligands with Fe(II). Mansuy et al. [35] have shown that primary and secondary aliphatic nitroso compounds can form complexes with haemoglobin and myoglobin as well as iron(II)-porphyrins, and suggest that the bond is formed between the iron centre and the nitroso group of the nitrosoalkanes. This could suggest that the spin trap (a tertiary nitrosoalkane) is binding the iron in such a way that it can still catalyse the production of the 'OH from H202. Fig. 2(d) shows the spectrum produced in the absence of added iron. The weak background signal is due to the adventitious transition-metal ions present in the reaction mixture. The spectrum in Fig. 2(e) shows that a signal cannot be obtained in the absence of the spin trap. Fig.  2(f) shows a signal of decreased intensity in the absence of added H202. In this case some H202 is presumably produced via autoxidation of the ferrous iron. EDTA is known to accelerate the oxidation of iron(II) to iron (111) [36, 37] . Fig. 3(a) shows the e.s.r. spectrum generated when 2-deoxycytidine 5-monophosphate is incubated with a Fenton system in the presence of the tNB. The spectrum is a triplet of doublets, with a primary nitrogen triplet and a secondary hydrogen splitting. Close inspection of Fig. 3(a) will reveal that the cytidine spectrum is,
in fact, a composite of two species of 2-deoxycytidine 5-monophosphate. The two radical adducts produce spectra with nearly identical nitroxide nitrogen hyperfine couplings. Fig. 3(b) shows the composite simulation of the 2-deoxycytidine 5-monophosphate spectrum. Fig.  3(c) shows the simulated spectrum of a radical species with a large triplet of 1.54 mT, a small unresolved triplet of 0.09 mT and a doublet of 0.55 mT. This spectrum would be consistent with radical formation at the C-6 position of the base, with the primary triplet formed by trapping a carbon-centred radical, the smaller triplet coming from the ,J-nitrogen at N-of the base, and the secondary doublet coming from the fl-hydrogen. (III) Fig. 3(d) shows the simulation of a species with a primary splitting of 1.56 mT and a hydrogen splitting of 0.44 mT. This spectrum would be consistent with that produced by a radical spin trapped at the C-5 position of the base moiety; this radical is shown in structure (IV). Such an assignment has also been reported by Kuwabara et al. [25] . Joshi et al. [16] also proposed that 'OH addition occurred at the C-6 position of the double bond of the base. As Fig. 4 shows, the signal is entirely dependent on the presence of the nucleotide. In the absence of EDTA, a decreased signal is produced once again, suggesting that either the spin trap tNB is binding the iron in such a way that it can undergo Fenton chemistry or that the radical formed by the site-specific production of OH is the same as that produced by free OH attack on the nucleotide. No signal is seen in the absence of added iron, nor is there a signal in the absence of the spin trap. A weaker spectrum is found in the absence of added H202' This is the same triplet of doublets seen with the complete system, although at a much reduced intensity (Fig. 4J) . Once again, the H202 is presumably produced via the autoxidation of the Fe(II), a process that is accelerated in the presence of EDTA. Fig. 5(a) shows the e.s.r. spectrum produced when 2-deoxyuridine 5-monophosphate was incubated with a Fenton system in the presence of tNB. The spectrum shown in Fig. 5(a) can be attributed to two 2-deoxyuridine 5-monophosphate radicals. Both species have a nitroxide splitting of 1.54 mT, but different fihyperfine splittings, and one species has an additional nitrogen splitting (Fig. Sc) . This was proved by using a computer-simulation technique. Fig. 5(b) shows the computer simulation of the composite 2-deoxyuridine 5-monophosphate-derived radical adducts. Figs. 5(c) and (d) show the computer simulations of the separated uridine-derived radicals. Fig. 5(c) shows the spectrum of a spin-trapped radical with a primary triplet of 1.54 mT, a secondary nitrogen splitting of 0.106 mT, and a secondary hydrogen splitting of 0.4 mT. This simulation would be consistent with 'OH addition at C-5, creating a radical centred at the C-6 of the base moiety (structure V). Fig. 5(d) shows the spectrum generated when the radical is centred at the C-5 position (structure VI). Once again it can be seen that the generation of the radical adduct is nucleotide-, iron-, and tNB-dependent (Fig. 6) The results presented indicate that *OH formed via a Fenton system can attack deoxyribonucleotides to produce secondary radicals. These radicals have been identified by means of spin trapping and suggest that *OH attack occurs predominantly at the carbon-carbon double bond of the heterocyclic base.
The spectra presented here are in good agreement with those produced by Riesz and his colleagues [16] and Kuwabara and co-workers [25, 39] (Table 1) . Both these authors used irradiation as their source of 'OH, suggesting that the primary reactive species generated by the Fenton system is indeed the 'OH. We could find no evidence to suggest an involvement of a ferryl-iron species.
The TBA reaction is widely used in the oxygen-radical field to detect oxidative deterioration in bulk lipids and complex biological molecules. The TBA reaction depends upon carbonyl compounds (formed by the breakdown of lipids, amino acids or carbohydrates) reacting with two molecules of TBA to form a chromogenic adduct. Malonaldehyde is one such carbonyl compound that can react to form a chromogenic adduct with TBA. Malonaldehyde is formed as a minor component of lipid peroxidation and can be formed from carbohydrates exposed to high-energy radiation. Gutteridge [18] has demonstrated that TBA-reactive material can be produced from deoxyribose on exposure to Fe(II). Since this work by Gutteridge [18] , many investigators have used the deoxyribose/TBA assay as a measure of 'OH formation. Recently Cheeseman et al. [40] have demonstrated conclusively that this TBA-reactive material is malonaldehyde.
The results on the formation of TBA-reactive material from the three pyrimidine nucleotides are shown in Table  2 . Since only thymidine contains the three adjacent carbon atoms necessary for malonaldehyde formation outside of the 2-deoxyribose moiety, the TBA-reactive material detected in our studies is presumably also malonaldehyde. As can be seen, the formation of TBA reactive material is almost entirely dependent on the presence of the nucleotide and Fe(II). Interestingly, there is still a considerable amount of TBA-reactive material formed when EDTA is removed from the reaction system, in agreement with the spin-trapping studies. This would suggest that either tNB is binding iron, or that TBAreactive material is produced by the site-specific generation of 'OH. Removal of the spin trap from the reaction system has little overall effect. At first, the absence of any effect of tNB is surprising, but the concentration of the spin trap (5.8 mM) is much less than that of the nucleotides (48 mM) and, since the *OH generally reacts with all organic chemicals at near diffusion-limited rates, no significant scavenging occurs. The removal of H202 produces only a small decrease in the amount of TBA-reactive material. Apparently sufficient H202 can be produced by the autoxidation of Fe(II). The spin-trapping experiments generally show a greater dependence on added H 02, but even with spin trapping, significant radical formation can be detected without added H202 (Fig. 4e) .
If the TBA assay is repeated in the presence of an OH scavenger, and assays are performed in the presence and absence of both EDTA and tNB, some interesting observations can be made (Table 3) . If we consider the complete system, addition of sodium formate at a final concentration of 100 mm produces a 71 % inhibition in The work reported in the present paper demonstrates that a Fenton system can produce the same secondary radicals from pyrimidine nucleotides as high-energy ionizing radiation, thus implicating OH as the damaging species and showing that the Fenton-EDTA system can act as a radiomimetic system. This study also shows that 0OH attack on the nucleotide produces TBA-reactive material and that there is a good qualitative agreement between the formation of TBA-reactive material and nucleotide-derived free radicals. dTMP C-S C-6 C-S C-6 C-5 C-6 dCMP C-5 C-6 C-S C-6 C-5 dUMP C-S C-6 C-5 C-S 
